Biotechnology applications are nowadays increasing in many areas, from agriculture to biochemistry, or even biomedicine. Knowledge on biological processes is becoming essential in order to be able to adequately estimate and control the production of these elements. Cyanobacteria present the capability of producing oxygen and biomass, from CO 2 and light irradiation. Therefore, they could be fundamental for human subsistence in adverse environments, as basic needs of breathing and food would be guaranteed. Cyanobacteria cultivation, as other microorganisms, is carried out in photo-bioreactors. The adequate design of photobioreactors greatly influences elements production throughput. This design includes optical illumination and optical measurement of cyanobacteria growth. In this work an analysis of optical measurement of cyanobacteria growth in a photobioreactor is made. As cyanobacteria are inhomogeneous elements, the influence of light scattering is significant. Several types of cyanobacteria are considered, as long as several spatial profiles and irradiances of the incident light. Depending on cyanobacteria optical properties, optical distribution of transmitted light can be estimated. These results allow an appropriate consideration, in the optical design, of the relationship between detected light and cyanobacteria growth. As a consequence, the most adequate conditions of elements production from cyanobacteria could be estimated.
INTRODUCTION
Biotechnology applications are nowadays increasing in many areas, from agriculture to biochemistry, or even biomedicine. Microorganisms could be beneficial as they can supply fuel, drugs, food or even oxygen, among other products. Knowledge on biological processes is becoming essential in order to be able to adequately estimate and control the production of these elements.
Cyanobacteria are a particular type of microorganisms that present the capability of producing oxygen and biomass, from CO 2 and light irradiation. Therefore, they could be fundamental for human subsistence in adverse environments, as basic needs of breathing and food would be guaranteed. Their behavior is of utmost relevance for maximizing relevant elements production [1] .
Cyanobacteria cultivation, as other microorganisms, is carried out in bioreactors [2] . These devices are specifically designed to favor microorganisms growth, by supplying and controlling the elements they need. In the particular case of cyanobacteria, light irradiation is fundamental for their growth, and the devices are then called photobioreactors. The adequate design of photobioreactors greatly influences elements production throughput. This design includes optical illumination and optical measurement of cyanobacteria growth. In this work an analysis of optical measurement of cyanobacteria growth in a photobioreactor is made. As cyanobacteria are inhomogeneous elements, the influence of light scattering is significant. Several types of cyanobacteria are considered, as long as several spatial profiles and irradiances of the incident light. Depending on cyanobacteria optical properties, optical distribution of transmitted light can be estimated. These results allow an appropriate consideration, in the optical design, of the relationship between detected light and cyanobacteria growth. As a consequence, the most adequate conditions of elements production from cyanobacteria could be estimated. *fanjulf@unican.es; arcedj@unican.es; phone +34 942206730; www.teisa.unican.es/toa
PHOTO-BIOREACTOR CHARACTERISTICS
Photo-bioreactor design involves the consideration of several factors. Among the most relevant ones is optical irradiation. Some photo-bioreactors employ solar light, but it is difficult to control. Typically, solar light can suffer from unequal exposition to all the bacteria, low area to volume ratios, slow mass transference and inefficiency. Cyanobacteria are usually grown with LED optical sources or fluorescent lamps. Light irradiation depends on source to bioreactor distance, cyanobacteria concentration or the biofilm formation. Uneven illumination makes some cyanobacteria stop the photosynthesis process. Optical illumination spectrum is also quite relevant. Usually optimum wavelengths are in the range from 400 to 700 nm. Irradiance also greatly influences the efficiency of the process. An insufficient irradiance results in growth decreasing, while an irradiation excess may provoke photo inhibition.
The shielding effect of surface cyanobacteria with respect to deep cyanobacteria has to be considered [3] . Photobioreactors usually comprise a stirring system to cope with this problem. Although a stirrer makes every cyanobacteria be exposed to light irradiation, it also imposes a non-continuous irradiation. This aspect should be also taken into account. CO 2 supply is also needed for cyanobacteria growth. It is usually introduced in the photo-bioreactor by means of continuous injection at the bottom of the sample. The amount of CO 2 supply is also a relevant parameter for the efficiency of the process. Even pH should be controlled in order to maintain the appropriate conditions for cyanobacteria growth.
As a summary, an adequate photo-bioreactor should show a short light irradiation trajectory, high cellular density, high light/darkness cycle, short sample size, continuous CO 2 supply, constant temperature and optimal pH.
The basis of the production process in cyanobacteria is oxygenic photosynthesis [1] . Water in the bioreactor is used as an electrons donor in combination with CO 2 , and oxygen O 2 is freed. The photosynthesis process can be divided into two phases, the light-dependent and light-independent ones. The first phase converts light in chemical energy. Light is captured by photoactive pigments, mainly chlorophylls and carotenoids [2] . The energy generated is supplied to proteins by means of photosystem I (centered at 700 nm) and photosystem II (centered at 680 nm). This phase generates O 2 . In the dark phase the new produced substances contribute to the generation of organic compounds, such as glucose, in the Calvin cycle.
Photosynthetic efficiency is governed by irradiance and wavelength [4, 5] , temperature (with an approximate double increase every 10ºC, until damage), CO 2 concentration and O 2 concentration. Cyanobacteria usually contain just chlorophyll a. This and other compounds give them a characteristic blue or green color. There are also red cyanobacteria. Typically light in visible wavelength is transferred to chlorophyll a reaction center.
The considerations exposed in this section give rise to the relevance of light irradiation on cyanobacteria. The irradiance, wavelength and spatial light distribution are of utmost importance for the efficiency of the process.
RESULTS AND DISCUSSION
The influence of optical radiation on cyanobacteria in photo-bioreactors is analyzed in this section. The first question to be addressed is the great variety of cyanobacteria morphologies that exist, from unicellular to filamentous species. This variety will greatly influence the scattering properties and, as a consequence, light distribution. Light distribution can be considered by means of a Radiation Transport equation: 
In this equation ( , ) I r s is the specific intensity. The radiation is expected to be at point r , and to follow the direction ŝ .
The scattering events are considered according to the scattering phase functionˆ( · ') p s s . Optical radiation comes from direction ˆ' s and is redirected to ŝ . The steady-state radiation transport equation without sources can be written as in (1), where a μ and s μ are the absorption and scattering coefficients, respectively.
This approach can be computed by a Monte Carlo method [6] . Optical properties, mainly absorption and scattering coefficients, anisotropy of scattering and refractive index, were obtained for different concentrations of A. cylindrica [7] . Several wavelengths were considered, particularly 405, 490, 530, 625 and 730 nm. Three different concentration were . Optical spatial radiation was considered to be either Gaussian or top-hat [8] , with a varying radius between 0.1 and 0.5 cm.
The photo-bioreactor geometry was considered cylindrically symmetric, and a width of 1 cm was assumed. Figure 1 shows an example of optical spatial irradiation profiles that traverses the sample. In Figure 1 the great influence of wavelength can be clearly appreciated. Optical absorption is much bigger at 530 nm when compared to that at 730 nm. However, scattering coefficient at 730 nm makes optical radiation spread wider as in the previous case.
The evolution of the total optical fluence as a function of optical wavelength, for the case of a 0.296Kg/m 3 concentration can be seen in Figure 2 . 
CONCLUSIONS
The adequate design of photo-bioreactors is a topic of great interest in recent biotechnology. The particular case of cyanobacteria, and their production of oxygen and biomass, has been shown to be of utmost relevance to human sustainability in adverse environments. The main characteristics of cyanobacteria growth have been exposed. The work has focused on light illumination and its influence in the photosynthetic process.
Several concentrations of cyanobacteria have been considered, irradiated by optical radiation with different spatial profiles, wavelengths and radii. The results show how adequately choosing parameters such as wavelength greatly influences optical radiation distribution and, as a consequence, the photosynthetic process of each of the cyanobacteria. The results shown contribute to photo-bioreactors design and efficiency increase in cyanobacteria cultivation.
